The CloudSat 94-GHz Cloud Profiling Radar was designed to provide global information on the vertical structure of clouds. It was launched in April 2006, joining the A-Train of earth science satellites. Although primarily focused on clouds and climate, the CloudSat radar also provides a unique view of the vertical structure of clouds in tropical cyclones. The authors use data from CloudSat and other A-Train satellite constellation missions to examine tropical cyclone cloud properties. They consider several case studies and then examine cloud statistics based on seventeen tropical cyclone overpasses. In addition to the new qualitative view of cloud structure provided by CloudSat, the CloudSat and other ATrain products also contain quantitative estimates of cloud properties. Although the accuracy of these products in tropical cyclones is not validated by direct comparison, the authors do find reasonable agreement with previous in situ measurements.
INTRODUCTION
The CloudSat Cloud Profiling Radar (CPR) is the first spaceborne cloud radar, operating at W-band (94 GHz) and providing a measurement of radar reflectivity versus altitude in a nadir slice along the satellite track. CloudSat flies with Aqua, CALIPSO, and other missions in the afternoon satellite constellation referred to as the A-Train [1] . The A-Train provides active and passive atmospheric measurements at microwave, infrared, and optical wavelengths. While passes of the nadir-pointing CPR antenna beam over tropical cyclone cores are infrequent, they do happen on occasion and provide unique data on tropical cyclone structure [2] .
Lower frequency radars (e.g., Ku-band and below) have a long history of use in tropical cyclone investigations [3] . Observations by aircraft and ground-based radars have provided detailed observations of the 3-D reflectivity distribution of liquid and ice hydrometeors. These radars, however, cannot sense smaller particles (e.g., clouds) due to their relatively low frequency, and much of our current knowledge of the distribution of cloud particles has been derived from in situ aircraft observations. The 3-mm wavelength used by CPR severely attenuates in precipitation but excels in observing cloud structure. It is, therefore, complementary to lower frequency radar and provides a new approach to investigating tropical cyclone cloud structure. We begin by discussing the cases used here and the various instruments used as data sources. We then examine several cases in detail and attempt to combine results from these and other cases to gain a statistical picture of the microphysical properties observed by CloudSat and other A-Train instruments. A discussion section compares the observations here with previous observations and theory.
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DATA AND METHODOLOGY
The data used in this study were based on passes of the CPR over tropical cyclones. We identified seventeen cases in which the CPR nadir-pointing beam passed close to the center of a category one (Saffir-Simpson scale) or higher tropical cyclone. The passes are listed in Table 1 . The minimum distance is the distance between the storm center and the CPR beam's closest approach. Also listed in Table 1 are storm intensity metrics at time of overpass, minimum sea level pressure (MSLP), maximum wind speed, and SaffirSimpson (SS) category, based on information from the National Hurricane Center, the Joint Typhoon Warning Center, and the Unisys archive (weather.unisys.com/hurricane). For each CloudSat overpass we created a merged file containing the CPR reflectivity and Level 2 products derived from CPR. We also included particle phase information derived from the depolarized channel of the lidar on the NASA/CNES CALIPSO mission and information from the passive microwave radiometer on Aqua. A list of the data products used is provided in Table 2 . It should be noted that the accuracy of the various products is, in many cases, still being evaluated. The statistics of ice retrievals from CloudSat are compared with previous in situ measurements later in the paper.
CASE STUDY: HURRICANE ILEANA
Hurricane Ileana formed in the Eastern Pacific on 21 August 2006 as a tropical depression. It moved westnorthwest and intensified, reaching hurricane strength on 22 August. The CloudSat/A-Train overpass occurred when it was centered near 19 N and 113 W on 23 August at 21Z, soon after reaching a maximum estimated intensity of 955 hPa and 55 m/s. Weakening had probably already begun; by 06Z on the 24 th , its intensity was estimated at 960 hPa and 45 m/s. Fig. (1) shows visible satellite data, along with the CloudSat track; the track passed into the eye but not through the center of the eye; hence, the CPR-observed eye is smaller than the actual eye. This same overpass was used [4] in their work on intensity estimation. Fig.  (2, upper) shows the corresponding reflectivity data; the eye is the second gap in the reflectivity (from the left), near along-track distance 460 km. The first gap, near distance 370 km, is a relatively clear area between the eyewall and a rainband. While moats may surround the eyewall in some storms [5] , this feature did not fully circle the storm, since it is not visible on the other side of the eye. Inspection of SSMI 85-GHz data showed that it extended slightly more than halfway around the storm. Fig. (2, lower) shows the cloud classification product for Ileana; Table 3 provides the relationship between the classification symbols and the cloud type [6] . Minimum distance to center has been set to zero in cases with data collected in the eye.
The cirrus canopy, one of the more obvious features in visible images of tropical cyclones [7] , is identified in the radar data, although a large portion of the canopy is classified as altostratus. The classification methodology is likely more suitable for mid-latitudes, and the canopy should be considered thick cirrus. A thin layer of cirrus extends over the eye, and low clouds (stratocumulus) can be seen in the eye. Stratocumulus, altocumulus, and cumulus clouds are especially evident in the gap or possible moat to the left of the eye. The eyewall and rainbands are identified as deep convection, although the clear signature of a melting layer of precipitation in the reflectivity data (i.e., the horizontal feature at . The first gap in the reflectivity is a clear region between a rainband and the eyewall. The second gap, near along-track distance 460 km, is the eye. Lower image is the Level 2B cloud class product; see Table 3 for meaning of the classes.
about 4.5 km altitude) indicates that these regions would probably be better characterized as stratiform precipitation. [8] . Lowest regions correspond to the eyewall where convectively generated ice particles scatter 89 GHz radiation and cause a reduction of the brightness temperature. The temperatures shown here are rather high but agree well with an SSMI pass a few hours later. The lack of strong ice scattering is in agreement with the identification of Ileana as a weakening storm. The upper right plot in Fig. (3) provides various measures of the shape of the upper boundary of the storm. The lidar-measured boundary is the highest in altitude, since the lidar is sensitive to the smallest particles and attenuates rapidly. The three lines below it show various radar reflectivity contours. Larger reflectivity values correspond to lower contour altitude and greater altitude variability. The +15 dBZ radar contour is a good indicator of the altitude reached by larger ice particles and is negatively correlated with the 89-GHz PCT. Fig. (3, lower left) shows the cloud liquid water path from AMSR-E and from CloudSat. There is little overlap in areas with good retrievals. The data appear complementary, with the radar retrievals failing in attenuating precipitation, exactly the situation in which the lower frequency radiometer channels have enough signal for retrievals. The lower right plot is the rain rate at the surface from AMSR-E; it exceeds 20 mm/h in the eyewall region. Also shown is the fraction of rain that is convective, again based on AMSR-E.
The CloudSat L2B Cloud Water Content product produces estimates of ice quantities; these are displayed as images in Fig. (4) . The retrieval assumes a lognormal particle size distribution (PSD) [9] . The PSD width parameter is shown in the lower right image; the distribution narrows with increasing altitude. The other images indicate that ice water content, particle concentration, and radius tend to peak in the eyewall. The mean particle radius and ice water content decrease with increasing altitude, while particle concentration increases with altitude. An independent estimate of column-integrated mean effective radius is derived from the Aqua MODIS and provided in the CloudSat 2B Tau product. It peaks at roughly 25 μm over the inner core of the storm, smaller than the values of particle radius near the very top of the cirrus layer in Fig (4, lower left) . Fig. (6, upper) shows the corresponding reflectivity data; the eye is the second gap in the reflectivity (from the left), near along-track distance 400 km. The eye is approximately 60 km in diameter at the surface; the eyewall slopes outward, increasing the eye diameter to nearly 100 km at 13 km altitude. The eyewall slope is larger toward the left side of the eye, which is toward the south. At the time of the overpass the storm motion was toward the northwest. . (6, lower) shows the cloud classification product for Prapiroon. The cirrus canopy is identified in the radar data, and a layer of thin cirrus extends over the eye. The overpass went nearly through the center of Prapiroon, and CPR observed low clouds in the center of the eye. These clouds are classified as altostratus, altocumulus, stratocumulus, and cumulus. The reflectivity near the center of the eye (the "hub" cloud at along-track distance 410 km) is large enough (10 dBZ) that there may also be some precipitation; the area just to the right is classified as deep convection. The CA-LIPSO lidar vertical feature mask product (not shown) identifies almost all of the cloud seen by the lidar as ice; this corresponds to the thick cirrus canopy, not penetrated by the lidar signal. An exception is in the eye where some of the mid-level cloud is identified as liquid.
Fig. (6).
Upper image is CloudSat CPR vertical reflectivity slice through Typhoon Prapiroon, along the red line in Fig. (1) . The image starts at left, corresponding to the bottom of the image in Fig. (1) . The first gap in the reflectivity is a clear region between a rainband and the eyewall. The second gap, near distance 400 km, is the eye. Lower image is the Level 2B cloud class product. Fig. (7) provides the AMSR-E PCT, cloud upper boundaries, cloud liquid water, and surface rain rate, as provided for Ileana in Fig. (3) . Cloud ice retrieval results are displayed as images in Fig. (8) . The ice water content in Prapiroon's eyewall is less distinct than that of Ileana, as is also the case for the particle concentration. The effective radius (lower left) shows more horizontal variability than seen in Ileana. The PSD (lower right) width has similar behavior to that of Fig.  (4) . The particle mean effective radius from the 2B Tau product is near 25 μm, roughly the same as measured for Ileana and, again, somewhat smaller than the particle size measured by CPR at the very top of the cirrus layer.
ADDITIONAL CASES: GORDON, HELENE, DURIAN, JANGMI
The four additional cases in Figs. (9, 10) were direct eye overpasses over storms sufficiently well-organized to have a distinct eye. At the time of the overpass, Hurricane Gordon had weakened from a major hurricane; it had only a southern eyewall, the sloping feature seen in the left side of the reflectivity image near along-track distance 100 km. To the right is the eye itself, starting around along-track distance 125 km, followed by some convection where the northern eyewall had been. The clouds in the eye are classified as stratocumulus by the Level 2B classification product. In contrast to Gordon, Hurricane Helene was intensifying when observed by CloudSat. The pass went very close to the center of the eye. The eyewall deep convection at left transitions to cumulus near along-track distance 60 km; the near surface clouds in the eye are classified as stratocumulus. There are also some bins classified as altocumulus at mid-levels near the center of the eye.
At the time of the overpass, Typhoon Durian was weakening, having had supertyphoon status several days earlier on 29 November. The eyewall at left (around along track distance 110) does not appear very strong but is still classified as deep convection. Toward the right, the eyewall transitions to cumulus clouds (near along-track distance 125 km) and then to nimbostratus (around distance 140 km). The nimbostratus continues through the eye to along-track distance 200 km. A small amount of altocumulus occurs at the transition to the right eyewall (classified as deep convection). Overall the second eyewall appears even weaker than the left eyewall; both are consistent with a weakening storm. As noted previously, the CloudSat cloud classification should be viewed with some skepticism since it was de- Fig. (7) . Plots of various parameters from AMSR, CPR, and CALIPSO lidar from Prapiroon versus along-track distance. Eye is centered near 400 km.
signed for global cloud studies rather than clouds in tropical cyclone eyes. In the case of Durian, visual inspection of the CPR data suggests that the two regions classified as cumulus and altocumulus are actually the higher edge of a region of moderate to intense precipitation likely associated with eyewall convection. The portion classified as nimbostratus is probably hub clouds and associated drizzle.
Typhoon Jangmi was strengthening and reached supertyphoon status two days after the CPR eye observation. The eye is covered with a cloud layer, a cirrus shield misclassified as altostratus; it extends from 9 to 16 km in altitude and so is an ice cloud. There is a layer of clouds in the eye just above the surface from along-track distance 130 km to 170 km that is classified as mostly stratocumulus. At the right side of the eye near along-track distance 160 km the stratocumulus layer is interrupted by altocumulus extending upward to altitude 4.5 km and then by deep convection (Cb). The relatively low reflectivities (i.e., less than 0 dBZ) encountered in the cirrus shield covering the eye increase sharply to more than 15 dBZ at altitudes in excess of 15 km for a span of more than 20 km in correspondence to the right eyewall (distance 190 km), indicating strong convective activity, a possible precursor to the intensification to supertyphoon status less than 2 days later [10] .
COMPOSITE CLOUD CHARACTERISTICS
In this section we combine all seventeen cases to create a composite set of characteristics relative to the storm center. We use the contoured frequency by altitude diagram (CFAD), developed by Yuter and Houze [11] , to present a histogram of ice properties at each altitude. This approach provides a concise summary of vertical structure and could also be used in future work for comparison of model output with observations. Fig. (11) shows CFADs for the observed reflectivity in the eyewall region and in the surrounding stratiform regions. The eyewall region is defined as being 90 km or less from storm center and having PCT < 255 K. The CFADs shows that eyewall reflectivity is slightly larger and more vertically developed. However, the maximum reflectivity difference is much less than might be observed at lower frequencies due to the reflectivity limit imposed by nonRayleigh scattering at W-band. The strength of the eyewall convection is better seen by noting the much-reduced reflectivity near the surface due to the large attenuation in the eyewall. The mean AMSR-E surface rain rate in the eyewall region is 9.2 mm/h, in contrast with 2.3 mm/h for the stratiform region. The maximum eyewall rain rate over all cases is 28.4 mm/h in Typhoon Ewiniar. 13) shows CFADs for the same parameters retrieved in stratiform regions. The PSD width CFADs for eyewall and stratiform in Figs (12, 13) are very similar, with width decreasing with increasing altitude, consistent with assumptions in the single-frequency radar retrieval algorithm [9] . Generally, particle radius decreases with altitude while number concentration increases. The effective particle radius is typically larger for eyewall than stratiform areas, especially near 10 km altitude. The eyewall region peak ice water content is about 1.5 g/m 3 at an altitude of 10 km, while stratiform areas peak at around 0.5 g/m 3 at an altitude of 9 km. At these altitudes the peak number concentration is nearly 400 per L in the eyewall and above 200 per L in stratiform areas. The ranges of parameters observed by CPR are reasonably consistent with in situ observations, although the CloudSat retrievals could be affected by attenuation from large ice particles, especially within the eyewall. The observations just above the melting level (6 km altitude) reported in [12] show ice water contents of 1 -4 g/m 3 and ice particle concentrations of 40 -350 per L. Based on measurements of water content in hurricane eyewalls [13] , Merritt and Wexler [7] estimate ice contents of up to 4 g/m 3 in cirrus canopies near the eyewall, dropping to 1 g/m 3 toward the outer edge. Heymsfield et al. [14] report particle concentrations up to 400 per L and water contents up to 1.7 g/m 3 , with large variability. Fig. (14) shows CFADs for the CPR cloud classification. Because the deep convection class generally applies to the entire CPR beam (where cloud is present), it contains essentially no altitude information. Hence, the deep convection class was excluded from the CFADs so as to not obscure the cloud classes that do vary with altitude. The two CFADs are similar, although the stratiform areas have relatively more altocumulus and nimbostratus. The clouds classified as altocumulus also tend to be at a higher altitude in the stratiform areas.
DISCUSSION
The hurricane cloud structure documented here through CloudSat and A-Train observations is in general agreement with early aircraft observations [15] [16] [17] [18] of an eye surrounded by a cumulonimbus wall and possibly containing a stratocumulus hub cloud [19] ; a thick cirrus canopy emanating from the eyewall and transitioning below to an altostratus layer; and a surrounding area with a mix of cloud types (e.g., cumulonimbus, cumulus, stratus, stratocumulus) underneath the cirrus canopy. Ileana, Prapiroon, Durian, Gordon, Helene, and Jangmi all show low-level clouds in the eye; these are classified as cumulus, stratocumulus, or nimbostratus. Similar clouds are seen in the gaps between rainbands in the CPR data, along with mid-level altocumulus. A clear region between the hub cloud and eyewall has been reported on occasion and has been associated with the eye size relative to the Rossby length [20] . Evidence of a clear region between the eyewall and a hub cloud at the eye center may be visible in CPR observations of Prapiroon (Fig. 6 at 400 km) but is not obvious in the other five cases. In [21] evaporating precipitation within the eye is noted as a possible but unlikely mechanism by which the eye can be moistened. The hub cloud in Prapiroon has rather large reflectivity and may be precipitating, as may be the case in Durian; no evidence of precipitation was noted in the other cases, although drizzle just above the surface could be missed because of surface clutter. One CPR-observed eye feature common to all cases is a cirrus layer over the eye.
More recent in situ observations by aircraft have provided information on the ice microphysics associated with the cloud structures. The analyses of Black and Hallett [22, 23] and Houze et al. [12] indicate that small graupel is formed and lifted in the eyewall along outward sloping trajectories; ice crystals formed through secondary nucleation [24] near the eyewall and in the outflow layer sink and aggregate, eventually forming stratiform precipitation. Homogenous droplet freezing near the eyewall may also generate small ice particles [14] . These processes are consistent with a reduction in ice water content and particle size with altitude, as seen in our data. In eyewall updrafts the larger particles have a larger terminal velocity and cannot be carried to the higher altitudes. Away from the eyewall, sinking ice particles first grow by vapor deposition and then by aggregation as they reach lower, warmer altitudes. Aggregation results in larger but fewer particles, reducing the number concentration with decreasing altitude, as seen in the CPR data. This conceptual model is also discussed by Cecil and Zipser [25] and is in accord with their combined radiometer, 14-GHz radar, and lightning observations of tropical cyclones using Tropical Rainfall Measuring Mission data. The outward slope of the eyewall is consistent with the CPR observations here and with lidar observations in [19] . In spite of the general consistency of the CPR data with this microphysical concept, the data also show that there is large variability both between and within storms. Fig. (14) . CFADs of cloud classification in the eyewall (left) and stratiform regions (right).
